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Abstract. We usea new versionof our numericalmodel
for particle propagationin the Galaxyto study radioactve

secondarieskor evaluationof the productioncrosssections
we usethe Los Alamos compilationof all available experi-

mentalcrosssectiongogethemwith calculationsisingtheim-

proved Cascade-ExcitoModel codeCEM2k. Usingthera-

dioactive secondaryatios26 Al/27 Al, 36CI/CI, **Mn/Mn, we

shav how the improved cross-sectiortalculationstogether
with the new propagationcodeallow us to betterconstrain
thesizeof the CR halo.

1 Introduction

In recentyears hew andaccuratalatahave becomeavailable
in CR astrophysicsmore CR experimentsare plannedfor
launchin several yearsthat will tremendouslyincreasethe
quality andaccurag of CR datamakingfurtherprogressie-
pendenbn detailedmodels.Datawill continueto flow from
the high resolutiondetectorson Ulysses AdvancedCompo-
sition Explorer (ACE) and Voyager spacemissions. Sev-
eral high resolutionspaceexperimentswill be in orbit in
the nearest?2-3 years, e.g., PAMELA to measureantipro-
tons,positronsglectronsandisotopesH throughC overthe
enegy rangeof 0.1to 200 GeV, and Alpha MagneticSpec-
trometer(AMS) to measureparticle and nuclearspectrato
TeV engjies.

Measurementsf secondanstableandradioactve nuclei
in CR provide basicinformation necessaryo probelarge-
scale Galactic properties,such as the diffusion coeficient
andhalosize,aswell asmechanismandsitesof CRacceler
ation. Meanwhile theaccurag of mary of thenuclearcross
sectionausedn CRastrophysicss farbehindtheaccurag of
CR measurementsf the currentmissions,suchasUlysses,
ACE, andVoyager andclearly becomesa factorrestricting
further progress. The widely usedsemi-phenomenological
systematichave typical uncertaintiesnorethan~ 50%, and
cansometimedewrongby anorderof magnitudgMashnik
2000andreferencesherein);this is reflectedin the valueof

propagatiorparametersndleadsto uncertaintiesn the in-
terpretation.

We have previously describeda numericalmodelfor the
GalaxyencompassingrimaryandsecondarCR,y-raysand
synchrotrorradiationin acommonframenork (Stronget al.
2000andreferencesherein).Up to recentlyour GALPROP
codehandled spatialdimensions(R, z), togethemwith par
ticle momentump. This was usedas the basisfor studies
of CRreacceleratiorthe sizeof the halo,positrons antipro-
tons,darkmatterandtheinterpretatiorof diffusecontinuum
~-rays.

The experiencegainedfrom the original versionallowed
usto designa new versionof the model, entirely rewritten
in C++, which incorporategssentialmprovementover the
older model,andin which a 3-dimensionakpatialgrid can
beemployed. It is now possibleto solve thefull nucleareac-
tion network onthespatiallyresohedgrid. We keephowever
a“2D” optionsincethis is often a sufficient approximation
andis muchfasterto computethanthefull 3D case.Thecode
canthussene asa completesubstitutefor the corventional
“leaky-box” or “weighted-slab”propagatiormodelsusually
employed,with mary associateddwantagesuchasthe cor-
recttreatmentof radioactve nuclei, realisticgasandsource
distributionsetc.

In this paperwe shaw our preliminarycalculationsof the
radioactve secondaryratios 26 Al/27Al, 36CI/CI, >*Mn/Mn
usingthelLos Alamoscompilationof experimentakrosssec-
tionstogethemwith calculationshy the codeCEM2k (recog-
nized by the nuclearphysicscommunityas amongthe best
in predictve power ascomparedvith othersimilar available
codes).

2 Mode

The GALPROP modelshave beendescribedin full detail
elsavhere(Strongand Moskalenlo, 1998). The resultsob-
tainedwith the new versionof GALPROP have beendis-
cussedn arecentreview (Strongand Moskalenlo, 2001a),



andthemostrecentupdatesaredescribedn StrongandMos-
kalenlo (2001b).

In the new version, apartfrom the option of a full 3D
treatmentwe have updatedhe cross-sectiowodeto include
latestmeasurementandenegy dependenfitting functions.
Thenuclearreactionnetwork is built usingthe NuclearData
Sheets.The beryllium andboronproductionwas calculated
using the authors’ fits to major productioncross sections
C,N,Q(p, z)Be,B. For the main channelsof productionof
isotopesof Al, Cl, Mn we useall experimentaldataavail-
ableto usfromtheT16 LANL compilationby Mashniketal.
(1998) and calculationsusing the improved version(Mash-
nik andSierk,2000)of the Cascade-ExcitoModel (Gudima
et al., 1983) code CEM2k renormalizedto the dataif nec-
essary This code emplays sophisticatednicrophysicsvia
Monte Carlocalculationsandit is difficult to useit “on-line”
with our propagatiorcode;othercrosssectionsarethuscal-
culatedusingthe Webberet al. (1990) (WNEWTR.FORof
1993)phenomenologicapproximatiorrenormalizedo the
datawhereit exists. For this purposewe useour internal
databaseonsistingof morethan2000pointscollectedfrom
sourcegpublishedin 1969-1999.(Anotheroptionis to use
code YIELDX _011000.FORby Silberbeg and Tsao.) For
calculationof thetotal inelasticcrosssectionsve usethelat-
estversionof thecodeCROSEC(Barashenkv andPolanski,
1994).

Thereactionnetwork is solved startingat the heaviestnu-
clei (i.e. ¥4Ni), solvingthe propagatiorequation computing
all theresultingsecondarysourcefunctions,andproceeding
tothenucleiwith A — 1. Theprocedurds repeatedionn to
A = 1. In thisway all secondarytertiary etc.reactionsare
automaticallyaccountedor. To be completelyaccuratefor
all isotopesge.g.for somerarecasef *-decaythewhole
loopis repeatedwice.

3 Production cross sections

Since the calculationswith the modernnuclearcodesare
very time consumingwe checkthe effect of the new cross
sectionsonly on the isotopesof Al, Cl, andMn. The ra-
dioactiveisotopef theseelementsarethemainastrophysi-
caltime clockswhichtogethemith stablesecondarysotopes
allow usto probeglobalGalacticCR propertiesin particular
thehalosize.

For isotopesof theseelementswve have chosenonly the
main productionchanneldo calculatemostaccurately For
26 Al the main progenitorsare” Al and?8Si, thatfor 27 Al is
28Si. For isotopesof Cl the main progenitoris 56Fe, but the
contribution of mary lighter nucleiis equallyimportant. In
the caseof Mn, the main progenitoris >® Fe with significant
contrikbution of otherisotopesof Fe, exceptfor ®Mn where
only 58Feis important.

Theexperimentatlatafor comparisorshouldbetakencare-
fully. Theexperimentatechniquen thepast(y-spectrometry)
did notallow for theindividual partial crosssectionto be ex-
tracted. Thosemeasuredepresenthe crosssectionof all the
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Fig. 1. Productioncrosssectionsof Al isotopes.Theline coding:
solidline — ouradoptectrosssection dashes- Webberetal. (1990)
code(W), dash-dots- ST code.Dataaretakenfrom the T16 LANL
compilationby Mashniketal. (1998).

nuclearreactionchainsendingat the particularisotope,i.e.,
almostalwayscumulative yields.

The simplestcaseis productionof Al isotopeshowever
the ahundantexperimentalmeasurementsxist only for the
naturalSi —26 Al reaction.Naturalsilicon consistf 92%of
28Sjandtherestareisotope$?-2°Si, 5% and3%respectiely
(AndersandGrevesse1989). Themeasurearosssectionof
thereaction**!Si(p, z)?6 Al includealso™* Si(p, )¢ Si, but
the contributionis small.

Fig. 1 shaws the experimentaldatafor the inclusive re-



action "t Si(p, z)26Al, 27Al(p, z)26Al, and 22Si(p, z)?7Al
togetherwith calculationsusing CEM2k and Webberet al.
(1990)andSilberbeg andTsao(ST) codes.In caseof "t S;j,
calculationsncludeweightedcontributionof SiisotopesPro-
ductionof 26 Al is calculatecasthe sumof 26 Al and?% Si pro-
ductioncrosssectionsln this particularcasewe usethedata
to renormalizethe 28 Si(p, )6 Al crosssectionscalculated
by CEM2k. In caseof thereaction?® Si(p, z)?7 Al (+2"Mg)
we usea fit to the data, thoughthe renormalizedCEM2k
modelalsoworkswell above sometensof MeV.

4 Propagation of cosmic rays

Our preferredmodelfor nuclei propagatioris thatwith dif-
fusive reaccelerationThoughit haspossibleproblemswith
secondanrantiprotonsandpositrongMoskalenlo etal.,2001),
it describeshespectraf nucleiandthestablesecondary/pri-
marynucleiratioswell. We thuswill usethestochastiadeac-
celerationrmodel(SR-model)describedn Moskalenlo etal.
(2001).

As in previous work, for eachhalo height z;, the model
is adjustedto fit B/C, andthe sourceatundancest the ap-
propriateenepgy adjustedo agreewith therelevantobsened
stablenucleiratios;the fluxesof the radioactive isotopesare
thencomputed.n this way the uncertaintyin thedenomina-
tor of the ratiosis reduced. The heliosphericmodulationis
takeninto accountusingtheforce-fieldapproximation.

Fig. 2 shawvs the predictedinterstellarandmodulated/C
ratio comparedwith obsenations;the reacceleratiomepro-
ducesthe peakquite well.

The caseof 26 Al/27 Al wasthe mostuncertaingiving the
largesthalo sizein Strongand Moskalenlo (2001a). From
Fig. 1 it is clearthatthe discrepang betweerthe crosssec-
tion calculationsanddata,which oftenexceedsa factorof 2,
introducesalargeerrorin thecalculatedatioin CR.

Figs. 3-5 shav 26Al/27Al, 36CI/CI, 5*Mn/Mn ratios cal-
culatedwith the new crosssections.For this calculationwe
usedthe half-life timesof 0.87Myr (2¢Al), 0.31Myr (3¢Cl),
0.63Myr (>**Mn). The ACE datapointsimply a halosizeof
afew kpc. The new limits derived, 26Al: 3.5-6kpc, *¢Cl:
4-15kpc, 3*Mn: 3-7kpc, areall consistentwith our limits
derivedfrom Be: 1.5-6kpc. Thenew limits includetheerror
barsof theelementahlbundanceneasurementsom Ulysses
(DuVernoisandThayer,1996),to which we tuneour propa-
gatedahundancesHowever, for isotopesof Al andMn they
arelessimportantbecausg¢hereis only onemajorprogenitor
in eachcase.

Fig. 6 summarizeshehalosizeconstraint®btainedn this
analysis. Theseestimatesare basedon the four radioactive
isotopedhy requiringconsistenyg of the calculatedratio with
the ACE data(Yanasalet al., 2000)andtakinginto account
theerrorbarson bothpredictionanddata.Also shavn is the
rangederivedin (StrongandMoskalenlo, 2001a)employing
theWebberetal. (1990)crosssectioncode.

To remove uncertaintyconnectedvith elementahbundan-
ceserrors,we proposen futureto deriveratiosof all isotopes
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Fig. 2. B/C ratio ascalculatedor a modelwith reaccelerationUp-
per curnve: modulatedfor 450 MV, lower curve: interstellar Data:
seeStrongandMoskalenlo (2001a).

of Al, Cl, Mn to the main progenitoy namely 2627 Al/28Sj,
35-37C|/56Fe, and 33 —3*Mn/>®Fe, not only the widely used
26 Al/27 Al, 26CI/CI, and®*Mn/Mn ratios. In caseof Al and
Mn isotopesghiswill virtually eliminatethe needto tunethe
elementahbundances.

Someuncertaintystill comesfrom modulation,while the
experimentalaluedor theratiosmeasuredy ACE arerather
accurate However, becausaf thevery flat ratio in the case
of 3*Mn/Mn (belonv 1 GeV/nucleon)he modulationuncer
tainty is of minorimportance.

The preliminaryconclusionto be drawvn from all radioac-
tive nucleiis that, at leastwithin the context of the present
propagatiormodel,z, = 4 — 6 kpc basedon the ACE data
and Ulysseselementalabundances.This is consistentwith
our previous resultz, = 3 — 7 kpc (Strong and Moska-
lenko, 2001a)andsupportsour previous conclusionthatthe
largedispersiorbetweertheisotopess mostlydueto cross-
sectioninaccuracies.
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